Neuronal synaptic connections are electrical or chemical and together are essential to dynamically defining neural circuit function. While chemical synapses are well known for their biochemical complexity, electrical synapses are often viewed as comprised solely of neuronal gap junction channels that allow direct ionic and metabolic communication. However, associated with the gap junction channels are structures observed by electron microscopy called the Electrical Synapse Density (ESD). The ESD has been suggested to be critical for the formation and function of the electrical synapse, yet the biochemical makeup of these structures is poorly understood. Here we find that electrical synapse formation in vivo requires an intracellular scaffold called Tight Junction Protein 1b (Tjp1b). Tjp1b is localized to electrical synapses where it is required for the stabilization of the gap junction channels and for electrical synapse function.
findings 9 of molecular asymmetric Cxs. We next asked whether Tjp1 staining was symmetric or asymmetric and found the peak of Tjp1 staining was consistently offset by ~33 nm from the postsynaptic Cx34.1, and was ~118 nm away from the presynaptic Cx35.5 (Fig. 2F,G; Fig. S3B -F). These results support a model where Tjp1b is localized postsynaptically at these electrical synapses ( Fig. 2E ).
The apparent postsynaptic localization of Tjp1b suggests that it might function asymmetrically during electrical synapse formation. To test whether Tjp1b has a differential function in pre-and postsynaptic neurons, we created chimeric animals containing cells derived from two genetically distinct embryos by transplanting cells from GFP-expressing transgenic donors into nontransgenic hosts (Fig. 3A,B ). In control chimeras with Mauthner or CoLo derived from wildtype transgenic donors we saw no effect on electrical synapse formation ( Fig. 3C,D) . By contrast, when only the postsynaptic neuron lacked tjp1b the Cxs failed to localize at electrical synapses ( Fig. 3F,I) . However, when the presynaptic Mauthner neuron lacked tjp1b, Cx localization was not affected (Fig. 3E,I) . That is, Tjp1b function is required postsynaptically for both postsynaptic Cx34.1 and presynaptic Cx35.5 localization. Additionally, we note that Tjp1 staining is still present at the synapse when the presynaptic neuron is tjp1b mutant (Fig. 3E') , but not when the postsynaptic neurons are tjp1b mutant ( Fig. 2F') , supporting the idea that the scaffold is localized and required postsynaptically. We conclude that Tjp1b is dispensable presynaptically, but localized and required postsynaptically for electrical synapse formation.
Our results argue that Tjp1b is required for postsynaptic Cx34.1 hemichannel localization at synapses, which transsynaptically interacts with presynaptic Cx35.5 to stabilize the GJ channel. This is consistent with our previous findings that when Cx34.1 was removed postsynaptically, Cx35.5 could not stabilize presynaptically 9 . This would help explain why when we remove tjp1b postsynaptically we observe the loss of both postsynaptic Cx34.1 and presynaptic Cx35.5. This model predicts that upon tjp1b removal both Cx34.1 and Cx35.5 should still be expressed by their respective neurons, and synapse formation might be rescued if postsynaptic Tjp1b is resupplied. To test this we created chimeric animals as above except we transplanted from wildtype M/CoLo:GFP embryos into non-transgenic tjp1b mutant hosts. We found that a wildtype presynaptic neuron in a tjp1b mutant did not rescue the electrical synapse ( Fig. 3G,J) .
By contrast, when only the postsynaptic neuron was wildtype (i.e. has Tjp1b) in an otherwise mutant animal the synapse was fully rescued (Fig. 3H,J) . Thus postsynaptic Tjp1b is sufficient to rescue both postsynaptic Cx34.1 and presynaptic Cx35. 5 . We conclude that electrical synapse formation requires the exclusively postsynaptic function of Tjp1b, which supports the transsynaptic stability of the asymmetric neuronal GJ channels.
Our results strongly support the notion of molecular asymmetry at the level of the intracellular MAGUK Tjp1b at electrical synapses in vivo (Fig. 3K ). This asymmetry of scaffold localization and function supports the molecularly asymmetric neuronal GJ channels found at these synapses 9 . This configuration of asymmetry at the membrane GJ hemichannels and the intracellular ESD is analogous to that found in their chemical synapse cousins. At chemical synapses, MAGUK scaffolds, such as PSD-95, are used extensively to regulate the trafficking, insertion, and modulation of neurotransmitter receptors to control synaptic function 2 .
Intriguingly, in vivo electrical synapses can be rectifying, i.e. have biased flow through the GJ channel, with the proposed mechanism being constrained to asymmetry in the GJ forming proteins 7, 6 . It is intriguing to speculate that the molecularly asymmetric MAGUK scaffold identified here may provide a platform to create functional asymmetry at electrical synapses, perhaps by allowing differential phosphorylation of Cx hemichannels 23 or by affecting the local intracellular milieu in a manner that differentially gates the Cxs 24 . Future work will unravel the functional effects of molecularly asymmetric scaffolding at electrical synapses. What other asymmetries might be present at electrical synapses? In addition to Tjp1b, we previously identified Neurobeachin, an autism-associated protein, as being required postsynaptically for electrical synapse formation 15 . In contrast to what we find here for Tjp1b, Neurobeachin is localized to post-Golgi transport vesicles within the cytoplasm, and work in mouse and cell culture has shown that it is required for vesicular transport of proteins to the membrane 25,26 . One intriguing possibility is that Neurobeachin interacts directly with a Tjp1b/Cx34.1 complex being transported within the postsynaptic neuron to ensure its appropriate trafficking, localization, and stability at electrical synapses. We also expect a presynaptic scaffold to be present at these synapses given that electron microscopy of related synapses in goldfish shows electron dense structures both pre-and postsynaptically 10 ; currently the molecular identity of such a scaffold is unknown. Further investigations will continue to extend the idea of molecular and functional asymmetry at electrical synapses and we expect that these structures will be critical to the development, function, and plasticity of neural circuits in all organisms.
Methods

Fish, lines, and maintenance
All fish were maintained in the University of Oregon's fish facility under an Institutional Animal Care and Use Committee (IACUC) approved protocol #12498. Zebrafish, Danio rerio, were bred and maintained as previously described 27 . Animal care was provided by the University of Oregon fish facility staff and veterinary care was provided by Dr. Kathy Snell, DVM. All fish used on this project were generated in the AB x Tübingen hybrid background. With the exception of CRISPR injected and transplant hosts embryos, all fish had the enhancer trap transgene M/CoLo:GFP (zf206Et) in the background 14 . The tjp1b Δ16bp (fh448) and tjp1a Δ2bp (fh463) lines were generated using the CRISPR Cas9 system 28 by targeting the first common exon of its three mRNA isoforms. All experiments were performed at 5 days post fertilization (dpf). Newly generated mutant lines were Sanger sequenced to verify genomic changes.
Immunohistochemistry
Anesthetized larvae were fixed for 3 hours in 2% trichloroacetic (TCA) acid or for 1 hour in 4% paraformaldehyde (PFA). Fixed tissue was then washed in PBS + 0.5% TritonX100, followed by standard blocking and antibody incubations. Tissue was cleared step-wise in a 25%, 50%, 75% glycerol series and was dissected and mounted in ProLong Gold antifade reagent (ThermoFisher, P36930). Primary antibodies used were: chicken anti-GFP (abcam, ab13970, 1:200), rabbit antihuman-Cx36 (Invitrogen, 36-4600, 1:200), mouse anti-RMO44 (Life Technologies, 13-0500, 1:100), mouse IgG1 anti-Tjp1 (ThermoFisher, 339100, 1:200), rabbit anti-Cx35.5 (Fred Hutch Antibody Technology Facility, clone 12H5, 1:200), and mouse IgG2A anti-Cx34.1 (Fred Hutch Antibody Technology Facility, clone 5C10A, 1:200). All secondary antibodies were raised in goat (Life Technologies, conjugated with Alexa-405, -488, -555, -594, or -633 fluorophores, 1:500). Neurobiotin was detected using fluorescently-tagged streptavidin (Life Technologies, conjugated with Alexa-633 fluorophores, 1:750).
Confocal imaging and analysis
All images were acquired on a Leica SP8 Confocal using a 405-diode laser and a white light laser set to 491, 553, 598, and 639 nm depending on the dye. Each line's data was collected sequentially using custom detection filters based on the dye. Most images were collected using a 40x, 1.2 numerical aperture (NA), water immersion lens. For each set of images the optical section thickness was calculated by the Leica software based on the pinhole, emission wavelengths, and NA of the lens. Images were processed and analyzed using FiJi 29 software.
Within each experiment all animals were stained together with the same antibody mix, processed at the same time, and all confocal settings (laser power, scan speed, gain, offset, objective, zoom) were identical. To quantify the presence or absence of staining at the synapse, a standard region of interest (ROI) surrounding each M/CoLo site of contact was drawn and the mean fluorescent intensity was measured. For neurobiotin backfills fluorescent intensity was measured using a standard ROI encompassing the entire Mauthner or CoLo cell body. For relative localization of Cx35.5, Cx34.1, and Tjp1 at synapses images were taken with a 63X, 1.4 NA, oil immersion lens at 5X digital magnification using a 1024 2 pixel image. Each synapse was visually inspected for its orientation (see text and Fig. S3 ) and those with a view from the side were selected for protein localization analysis. The fluorescence intensity of each protein was analyzed at the middleplane of the synapse, with a 1.2 μm ROI line drawn orthogonally from preto postsynaptic side of the synapse. For chromatic aberration controls, rabbit anti-Cx35.5 was stained with antirabbit-488, anti-rabbit-555, and anti-rabbit-633. For the localization of each protein, rabbit anti-Cx35.5, mouse IgG2A anti-Cx34.1, and mouse IgG1 anti-Tjp1 were stained with anti-rabbit-488, anti-mouse-IgG2A-555, and anti-mouse-IgG1-633. The fluorescence intensity of each individual channel was measured along the ROI and fit to a Gaussian curve. Each Gaussian curve was aligned based on the 488-channel and distances between the peaks of fluorescence were measured. Statistics were computed using Prism software (GraphPad). Figure images were created using FiJi, Photoshop (Adobe), and Illustrator (Adobe).
CRISPR screening
Single guide RNAs (sgRNAs) were designed using the CRISPRscan database (http://www.crisprscan.org) 30 to target a conserved exon of each individual tjp gene. sgRNAs were synthesized as previously described 28 and were combined with Cas9 protein (IDT 1074181) at 37C for 5 minutes in the presence of 300mM KCl, and 4mM HEPES pH7.5 before injection 31 .
All experiments used a final concentration of 1600 pg/nl of Cas9 protein; those targeting individual tjp genes used a final concentration of 200 pg/nl of sgRNA, while multiplexed tjp family injections included a total of 100 pg/nl of mixed sgRNAs. A total of 1 nl of Cas9/sgRNA complex was injected at the one cell stage and 5 dpf larvae were fixed in TCA and processed for immunohistochemistry. Synapse loss was assessed by counting the number of Cx36 punctae lost per total number of M/CoLo contacts counted per fish. The CRISPR mutagenesis rate was determined by fragment analysis using the CRISPR-STAT method 32 .
CRISPR targets, with the PAM site underlined:
Neurobiotin retrograde labeling
Anesthetized 5 dpf embryos were mounted in 1.4% agar and a caudal transection through the dorsal half of the embryo was made with an insect pin at somite 20. A second insect pin loaded with 5% neurobiotin (Nb) solution was quickly applied to the incision. Anesthetized animals were unmounted from the agar and allowed to rest for 5 hours to allow neurobiotin to pass from Mauthner into CoLos, and were then fixed in PFA and processed for immunohistochemistry.
CoLo axons project posteriorly for a maximum of two segments; therefore measurements of Nb in CoLo were analyzed at least three segments away from the lesion site.
Blastula cell transplants
Cell transplantation was performed at the high stage approximately 3.3 hours into zebrafish development using standard techniques 33 . For "mutant into wildtype" experiments, animals heterozygous for the tjp1b Δ16bp mutation in the M/CoLo:GFP background were crossed and random progeny were used to transplant into non-transgenic wildtype hosts. Donor embryos were kept separate and genotyped at 1 dpf to assess the genotype of transplanted cells. For "wildtype into mutant" transplants transgenic M/CoLo:GFP wildtype animals were crossed to use as donors, and non-transgenic, heterozygous tjp1b Δ16bp animals were crossed for hosts and hosts were genotyped. Approximately 20 cells were deposited ~5-10 cell diameters away from the margin with a single embryo donating to 3-5 hosts. 5 dpf larvae were fixed in TCA and processed for immunohistochemistry. the specified distance away from the Cx35.5 peak fluorescence, with bars representing standard deviation. The peak-to-peak distance between the Cxs is ~81 nM, while Tjp1 staining is consistently ~33 nm further displaced away from Cx35.5. raw differences between peak fluorescence absolute differences between peak fluorescence raw differences between peak fluorescence absolute differences between peak fluorescence 
